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1. Introduction
   Iron deficiency anemia is one of the most deleterious 
diseases in the world and affects women more often than 
men (9.9% versus 7.8%). Approximately one billion people 
suffer from this disease. Moderate degree of iron deficiency 
anemia affected approximately 610 million people or 8.8% of 
the world’s population[1]. Treatment of iron deficiency anemia 
involves oral supplementation with ≤195 mg per day of 
elemental iron as ferrous sulfate, -fumarate or -gluconate[2].
   There have been always controversies over the 
supplementation of iron given to patients. During iron 
administration, reactive oxygen species (ROS) may be 
produced through Fenton and Haber-Weiss reactions. 
ROS is involved in aging and pathologic conditions such as 
cardiovascular diseases[3-6], chronic vascular diseases[7], 
kidney diseases[8], diabetes[9,10], muscle atrophy[11], 
neurodegeneration[12], schizophrenia[13], fetal distress[14], 
aging eye[15], chronic lung diseases[16] and Friedreich 
ataxia[17]. ROS is neutralized by exogenous and endogenous 
antioxidants such as glutathione, nicotinamide adenine 
dinucleotide phosphate, antioxidative enzymes and vitamins. 
Oxidative stress occurs when the balance between pro-
oxidant molecules and antioxidant systems is disrupted.
   Several studies have shown that iron participates in site-
specific metal-catalyzed reactions[18]. The most consistent 
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finding in patients with iron overload is hepatotoxicity 
which followed by cardiac disease, endocrine abnormalities, 
arthropathy, osteoporosis and skin pigmentation[19]. The 
explanation of iron-mediated oxidation in human erythrocytes 
is necessary for the understanding of the role of ROS in 
pathologic conditions of iron overload.
   Erythrocytes are highly susceptible to oxidative stress due 
to the high concentration of oxygen and hemoglobin (Hb), 
a promoter of the oxidative process[20]. Oxidative reactions 
may oxidize Hb and have deleterious consequences on the 
structure and function of Hb. Oxidation of Hb causes the 
formation of disulfide cross-links between globin chains and 
leads to Heinz bodies. 
   On the other hand, ROS can lead to oxidation of amino acid 
residues and fragmentation of cytoskeleton protein, which 
disrupts viscoelastic properties of the red cell membrane.
   Therefore, administration of iron in anaemic patients may 
result in complicated conditions and precise monitoring of 
structural changes in erythrocyte proteins, could confirm 
oxidative stress and its consequences, especially hematologic 
abnormalities.   
   Many of the methods used to assess oxidative stress are 
based on ease of use and simplicity rather than specificity 
in clinical diagnosis. Furthermore, many of the techniques 
employed to estimate oxidative stress do not yield precise 
and reliable results. This makes comparison between the 
data obtained in different researches very difficult. For these 
reasons, there is a critical need for validated techniques that 
yield accurate and quantitative data. Application of such 
techniques may provide valuable data on the importance of 
oxidative stress on structure and function of biomolecules 
such as enzymes, proteins and lipids.
   The objective of this study was to establish a sensitive and 
quantitative algorithm of methods for estimating oxidative 
stress in erythrocytes. In the present study, authors determined 
whether human erythrocyte proteins were susceptible to 
oxidative effects of clinically prescribed amounts of iron and 
whether resulting damages affect their structure. Assuming 
that following iron administration, blood level of iron is 
suddenly increasing; erythrocytes were exposed to different 
doses of iron to investigate structural changes related to 
oxidative stress in erythrocyte proteins. To investigate 
erythrocyte oxidative damage, methemoglobin (metHb), 
hemichrome, carbonyl groups, spectral analysis of Hb and 
electrophoretic profile of membrane proteins were studied. 
2. Materials and methods
2.1. Preparation of whole blood and isolation of blood cell 
fractions
   Anticoagulated (citrate or heparin treated) whole blood was 
collected from healthy volunteers who had given informed 
consent with the approval of the Human Ethics Committee 
in Arak University of Medical Sciences and in accordance 
with the Declaration of Helsinki. Plasma was prepared by 
centrifugation (4 000 r/min) for 10 min at 4 °C. Erythrocytes were 
washed three times with cold isotonic potassium phosphate 
buffer (100 mmol/L, pH 6.8, 4 °C) and buffy coat was removed 
carefully. 
2.2. Induction of oxidative stress in erythrocytes
   Erythrocytes were incubated in isotonic phosphate buffer 
pH 7.4, containing 10 mmol/L MgCl2, 90 mmol/L KCl, 25 mmol/
L ascorbate and 0.1-18.18 µmol/L FeCl3 for 4-24 h at 37 °C with 
shaking under aerobic condition. In this MCO system ferric 
ions convert to ferrous ions which result in ROS production. 
The ascorbate and FeCl3 solutions were freshly prepared. In 
control groups the above solution was made without ascorbate 
and FeCl3. After incubation, the oxidation reaction was 
stopped by separating the erythrocytes with centrifugation at 
4 °C and washing with cold isotonic phosphate buffer pH 7.4 
for 3 times. All samples put on ice and Hb was estimated by 
Drabkin method. Hb concentration was adjusted to 4伊10-5 mol/
L with phosphate buffer and absorbance of each sample was 
measured at 340, 420, 542, 560, 577 and 630 nm. One hundred 
micro liter of each sample was divided into aliquots and stored 
at -80 °C for further use. 
2.3. Determination of Hb derivatives concentrations
   Micromolar concentrations of oxygen Hb (oxy-Hb), metHb 
and hemichrome were calculated according to the following 
equations[21]:
   Oxy-Hb=-89A560+119 A577-39A630
   MetHb=-55A560+28A577+307A630
   Hemichrome=233A560-133A577-114A630 
Where A is the absorbance of Hb at indicated wavelengths.
2.4. Investigating the spectral changes
   The sum of oxy-Hb and metHb concentrations should 
be remain constant during the course of incubation. If 
not, the reaction is more complex and optical densities at 
more wavelengths including 340, 420 and 542 nm must be 
considered[22]. 
2.5. Carbonyl assay in erythrocyte proteins
   Protein samples were suspended in acidic solution of 2,4-
dinitrophenylhydrazine (10 mmol/L in HCl, 2 mmol/L) and 
incubated at room temperature. Derivatized proteins were 
precipitated with trichloroacetic acid (20% w/v) and dissolved 
in guanidinium hydrochloride (6 mol/L, pH 2.3). Carbonyl 
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content was calculated from the maximum absorbance (at 360-
390 nm) using a molar absorption coefficient of 22 000 mol/L/
cm.
2.6. Isolation of Hb-free ghost membranes
   Erythrocytes were suspended in 15 volumes of 100 mmol/
L isotonic phosphate buffer, pH 7.6 and centrifuged at 2 300 r/
min for 10 min, at 4 °C. Packed cells were washed three times 
with isotonic phosphate buffer and buffy coat was removed 
carefully. Erythrocytes were lysed with 15 volumes of cold 
hypotonic 5 mmol/L phosphate buffer, pH 7.6.
2.7. Ultracentrifugation
   The cell lysate was then ultracentrifuged at 23 000 r/min 
for 30 min, at 4 °C to precipitate erythrocyte membrane. The 
supernatant containing Hb was carefully removed. To avoid 
the interference of Hb in the assays performed on membrane 
preparation, Hb was completely removed by washing the 
pellets in acidic acetone[23].
2.8. Ultrasonication
   Erythrocyte membrane were finally suspended in phosphate 
buffer prior to homogenization by ultrasonication. 
2.9. Protein estimation
   Membrane protein content was estimated by measuring 
the optical density of samples at 280 nm, using bovine serum 
albumin as standard. Purified membrane protein fractions 
were then loaded on sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) as described below.
2.10. Separation of cytoskeleton proteins on SDS-PAGE
   Protein samples were analyzed by SDS-PAGE using the 10% 
separating gel. Extracted proteins, 50 µg from each sample 
were mixed with 25 µL of loading buffer and boiled for 5 min 
before separation on a 10 cm long and 1 mm thick gel. Five 
samples were loaded on gel. Molecular weight markers (Bio-
Rad, California, USA) were used as standards. Electrophoresis 
was done at 50 V. The protein migration was allowed to 
proceed until the bromophenol dye had migrated to the 
bottom of the gel. Gels were removed carefully and stained by 
Coomassie briliant blue G-250. 
2.11. Statistical analysis
   All the samples and standards were run in duplicate and 
the results are presented as mean依SD. The data was analyzed 
using Excel 2007. Statistical significance at the 0.05 level 
between and within groups was determined by paired samples 
t-test and One-way ANOVA method of multiple comparisons. 
Homogeneity of variances was performed by Leven test and 
pos hoc multiple comparisons with Scheffe or Dunett’s T3 
method. Linear regression and other tests were down by SPSS 
software version 20.
3. Results
3.1. Iron mediated oxidation of Hb
   The time and the dose schedule used in this study, are 
based on our preliminary experiments carried out in human 
erythrocytes treated with metal-catalyzed oxidation (MCO) 
systems in vitro[24].
   Spectrophotometric studies can reveal conformational 
changes in globin and heme interaction with oxygen or distal 
histidine[21]. Hb shows a characteristic absorption spectrum 
in the range of 200 to 700 nm. Oxy-Hb is indicated by an 
increase in absorbance at 577 and 542 nm, metHb gives a peak 
at 630 nm, hemichrome gives a groove at 560 nm, heme-heme 
interaction (Soret band) at 420 nm and globin-heme interaction 
at 340 nm was observed[21].
   Figure 1 shows that iron treatment induces significant 
decrease in the levels of oxy-Hb and hemichrome and 
the absorbance values at 340 nm (P<0.05). In addition, 
significant increase in the level of metHb (more than 5 fold) 
and the absorbance value at 340 nm were observed (Figure 
2). The increase in absorbance at 630 nm (more than 5 fold) 
corresponds to the metHb formation after 24 h incubation. 
Figure 2 also shows a significant decrease in the ratio (A577/
A542) which indicates the conversion of oxy-Hb to metHb. 
Considering the Soret band (420 nm), which corresponds to the 
heme-heme interaction, there was a significant decrease in 
the absorbance values in iron treated erythrocytes after 24 h 
incubation. Also significant increase in absorbance band at 
340 nm refers to the strengthening of the non-covalent bond 
between histidine of globin and heme iron and results in 
weakening of the oxygen attachment. 
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Figure 1. Absorption spectrum of Hb molecules. Hb solution contains 40 
µmol/L of Hb in hypotonic phosphate buffer (pH 7.4).
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Figure 2. Comparison of percent of changes in absorbance of Hb derivatives 
in control and iron treated erythrocytes after 4 and 24 h incubation (P<0.05). 
Each bar represents the mean of three duplicate analyses. A: absorbance of 
Hb at indicated wavelengths. 
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   Figure 3 shows the mean values of Hb derivatives 
concentrations in erythrocytes after 4 h incubation in MCO 
system containing 18.18 µmol/L of FeCl3. A significant decrease 
in the concentration of oxy-Hb with an increase in the 
concentration of hemichrome can be observed in iron treated 
erythrocytes if compared to the control cases.
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Figure 3. The mean values of Hb derivatives concentrations for the control and 
iron treated erythrocytes after 4 h incubation without and with ferrous ions. 
Data are in terms of µmol/L. Asterisk indicates significant difference between 
test and corresponding control groups (P<0.05). A: absorbance of Hb at 
indicated wavelengths.
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   Hemichrome formation depends on the amount of metHb and 
is accelerated by ROS. In addition, iron treatment resulted in a 
dose-dependent increase in protein denaturation (Figure 4). 
3.2. Effect of iron on carbonyl content of erythrocyte proteins
   Measurement of protein oxidation in iron treated erythrocytes 
revealed a significant increase in carbonyl groups from 5.96 to 
10.76 nmol/mg of protein (P<0.05) (Figure 5).
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Figure 4. The mean values of Hb absorbance at different bands after 4 h 
incubation of human erythrocytes with ferrous ions. 
A: absorbance of Hb at indicated wavelengths.
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Figure 5. Relationship between iron concentration and carbonyl content of 
human erythrocyte proteins. 
Intact cells incubated in isotonic phosphate buffer in presence of 0 to 10 µmol/L 
of FeCl3. (P<0.05).
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3.3. Electrophoretic profile of cytoskeleton proteins
   Analysis of erythrocyte membrane in SDS-PAGE by Commassie 
briliant blue G-250 staining revealed the presence of a diffuse 
protein band with a molecular mass of 116 to 205 kDa (Figure 
6, arrows in lane 3 and 4) and decreased intensity in spectrin 
bands (Figure 6, first arrow in lane 4). Also electrophoretogram 
of cytoskeleton proteins are shown in Figure 7.
Figure 6. Electrophoretic analysis of cytoskeleton proteins from control and 
iron treated erythrocytes. 
Intact cells incubated in isotonic phosphate buffer in precence of 0 to 10 
µmol/L of FeCl3. MW: molecular weight standards.
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Figure 7. Electrophoretogram of cytoskeleton proteins of human erythrocytes 
incubated with ferrous ions. 
A: molecular weight standards, B: control group and C,D and E: test group in 
presence of 0.1, 1 and 10 µmol/L of FeCl3, respectively. 
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   In Figure 8, the results of this study are summarized. 
Iron-mediated MCO system produces ROS which induces 
oxidative modifications in Hb. The conversion of oxy-Hb 
to metHb causes hypoxia and hemolysis. Also pseudo-
peroxidase activity of metHb produces large amount of ROS, 
which induces protein oxidation, membrane damages in 
erythrocytes and hemolysis.
Figure 8. Dramatic representation of the relation among iron, ROS, protein 
oxidation, metHb and hemichrome formation which induce erythrocyte 
damage and hemolysis. 
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4. Discussion
   This work suggests a sensitive and quantitative algorithm 
of methods for estimating oxidative stress in erythrocytes. 
For this purpose, the response of erythrocytes to iron-
mediated MCO system, the oxidation state of heme-iron and 
conformational changes in Hb have been investigated. 
   According to our findings, the significant reduction in 
the absorbance of Soret band (λ=420 nm) reflects a change 
in heme-heme interaction, which in turn indicates some 
conformational modifications in globin chains. Decreased 
ratio of absorbance at 577 and 542 nm indicates the 
conversion of oxy-Hb to metHb in this aerobic condition. 
This conversion rate is shown with decreased heme-
heme interaction at 577 nm and significant elevation at 630 
nm. Such significant reduction in Hb concentration and 
elevation in metHb may disrupt oxygen transport and cause 
hypoxia.
   If the globin chains are destabilized, metHb can convert 
to hemichrome in which various ligands occupy the 
sixth coordination position of the ferric ion in heme ring. 
Interestingly our results demonstrated such increase in 
hemichrome concentration in iron treated erythrocytes. 
Hemichromes may precipitate and form heinz bodies. This 
phenomenon is explained by production of superoxide anion 
[O2¯.] during oxidation of ferrous ion by molecular oxygen:
HbO2-Fe(II)→Hb-Fe(II)+O2→Hb-Fe(III)+O2
-·
   Many studies showed that superoxide degrades heme 
moiety and releases fluorescent products and iron[24].
Superoxide dismutase converts superoxide anion to H2O2 that 
produces hydroxyl radicals in presence of metal ions such 
as ferrous. On the other hand, metHb is recognized to have 
a central role in oxidative stress and cytoskeleton defects or 
sensitization. Such intensive damages to cell membrane lead 
to hemolysis[25], and release of Hb and metHb into blood 
stream. Also pseudoperoxidase activity of metHb produces 
large amount of ROS[26], which induces protein carbonylation 
and membrane damages in erythrocytes[27]. According to the 
elevation in the half Soret band width and appearance of a 
new band at 630 nm, we showed the stretching of iron and 
nitrogen bonds in porphyrin and the imbalance between 
protein and heme moiety.
   In recent years, it has become evident that inflammations 
produce ferryl Hb as oxidized form of Hb[28,29]. As the 
reduced form of heme iron and proteins is necessary for 
their biologic activity, the oxidative damage to Hb and 
cytoskeleton proteins can explain the shorter erythrocyte 
lifespan and pathological changes associated with 
anemia[30]. Increased concentrations of ROS, which was 
plausible in iron treated erythrocytes, has an impact on 
the statistically significant increase of heme iron oxidation 
observed in this study. In addition, slight increase in 
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absorbance at 340 nm refers to the strength of non-covalent 
bond between distal histidine (His E7) and heme iron which 
results in diminished affinity for oxygen. 
   One of the most often used biomarkers to investigate the 
oxidative damage on proteins are carbonyl groups, which 
induce structural modifications, impaired function and 
proteolysis[31]. In this work, we assessed oxidative damage 
to erythrocyte proteins as the carbonyl groups. Interestingly 
our study showed elevation in carbonyl content of proteins, 
which positively correlated with iron concentration. This 
result demonstrates that iron has the ability to produce 
ROS, promoting chemical and structural modifications in 
erythrocyte proteins specially Hb.
   We expected that in human erythrocytes, Hb conformation 
would be modified both primary by the MCO system and 
also secondary by impairment caused by direct reaction 
of ferrous ions with heme moiety. In previous works, we 
exposed erythrocytes to copper-induced MCO system and 
reported that cupric ions could direct erythrocytes toward 
an oxidative challenge[32].
   The participation of iron in the oxidation-induced 
impairment of erythrocyte membrane through MCO system 
has been recently confirmed. These studies showed that 
oxidative stress contributes to eryptosis[33], decrease 
in deformability, and increase in cytosolic calcium 
and membrane stiffness[34]. In addition, degradation of 
tryptophan, decrease of its content in cytoskeleton and 
increased binding of globin to cytoskeleton in tert-butyl 
hydroperoxide treated erythrocytes was reported[35]. So 
far, the role of protein oxidation on membrane fluidity and 
conformational changes in receptors has been considered in 
cell death[36].
   The structural integrity of erythrocyte membrane is 
necessary for metabolic and biologic activity specially 
oxygen transport. Oxidized proteins become highly sensitive 
to proteolytic degradation[37]. ROS can directly attack the 
protein backbone, leading to protein fragmentation in 
erythrocytes[38]. Many attempts have been made to correlate 
the localization of ROS production with the extent of free 
radical attack on membrane proteins[39].
   Our work demonstrated the slight production of ROS-
mediated fragments in cytoskeleton with apparent 
molecular weight of 116 to 205 kDa and a decrease in the 
staining intensity of spectrin. As Dean’s report, decreased 
intensity of staining with Coomassie brilliant blue and 
modified migration of proteins in SDS-PAGE were observed 
during oxidative stress[40]. Basing on this study, erythrocyte 
membrane is important target for free radical attack; 
however the authors did not make a distinction between 
membrane regions that are better accessible to ROS. A last 
consideration deserves to be mentioned, i.e. aerobic MCO 
conditions not only accelerate the oxidative damages to Hb 
but also activate proteolytic mechanisms and hemolysis. 
   Our results have important implications in iron therapy 
for anemic erythrocytes, in which excessive membrane 
bound iron in the form of hemichrome and diminished 
levels of adenosine triphosphate are characteristic features. 
The importance of erythrocyte as a model cell for evaluating 
the oxidative injuries has become evident from the several 
abnormal features demonstrated in cytoskeleton and Hb 
structure, including heme moiety and polypeptide subunits. 
Excessive amount of ferrous ion in the blood of iron treated 
patients has converted this beneficial compound into a toxic 
one. In this work, some reliable and reproducible algorithm 
of methods was presented for evaluating oxidative damages 
to human erythrocytes, which exposed to pharmacological 
doses of iron.
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